In countries with a high ambient temperature and strong solar irradiation, transformer winding hot-spot temperature may increase over its maximum permissible limit. This can considerably reduce the insulation life of the transformer by enhanced degradation of the paper insulation. According to current loading guides, for each 6 K increase in working temperature, the ageing rate increases with approximately a factor two. Therefore, it is important to take into consideration the impact of the sun on the power transformer thermal behavior. In this paper, a modified hot-spot temperature model is presented to account for the effect of transformer winding temperature rise by solar irradiation. The effects of solar irradiation on transformer winding paper insulation are shown by comparing the degree of polymerisation (DP), the fault probability and the remaining life. Here, the fault probability is defined as the probability that the estimated DP-value at a certain moment in time is below a certain end-of-life criterion (threshold value). An additional winding hot-spot temperature rise of 9 K during the summer and a temperature rise of 6 K during the winter may occur in countries with strong solar irradiation. This may result in a reduction of the remaining lifetime by up to 40%.
INTRODUCTION
IN countries where the ambient temperature is high and the solar irradiation in summer is strong, transformer winding hotspot temperature may exceed the maximum permissible limit at rated load. This will reduce the insulation life of the transformer, especially the winding paper insulation.
Usually, the season with maximum ambient temperature coincides with the season of maximum load in countries where the air conditioning systems require high electric power. To prevent accelerated ageing, one should either reduce the load or increase the cooling capacity of transformers.
Heating of transformers is caused by copper and iron losses as the internal heat sources and by solar irradiation as an external heat source [1] . This phenomenon is indicated in Figure 1 . All heat must eventually be dissipated by the environment through the transformer tank. Figure 2 presents the heat transfer between the transformer subcomponents starting from the heat sources, which are the transformer windings and core.
The heat is transported through the paper insulation by conduction, then it reaches the oil and is transported to the transformer tank surface by convection. The sun contributes to increased transformer temperature by irradiation. The dissipated heat, together with the heat input by solar irradiation, is transferred from the transformer surface to the ambient air by radiation and convection through the cooling system. Most of the heat energy is disposed off by convection.
If the solar irradiation effect is not taken into account, the steady-state hot-spot temperature θ hs (t) of the transformer is calculated with equation (1), and is graphically depicted in the thermal diagram in Figure 3 [2] :
where θ a is the ambient temperature at time t, Δθ or is the topoil (in tank) temperature rise in steady-state at rated losses (no-load losses and load losses), R is the loss ratio (ratio between the load losses P LL and no-load losses P NL ), K is the ratio between the load current at time t and rated current, x is the oil exponent, y is the winding exponent and Δθ hr (H·g r ) is the hot-spot to top-oil (in tank) gradient at rated current (H is the hot-spot factor and g r is the average winding to average oil in tank temperature gradient at rated current).
The thermal diagram presented in Figure 3 shows the main temperature distribution along the winding height as well as the oil temperature distribution inside the transformer tank [2] . It is assumed that the oil temperature inside the tank increases linearly from bottom to top, whatever the cooling mode. The temperature rise of the conductor at any position up the winding is assumed to increase linearly, parallel to the oil temperature rise, with a constant difference g r between the two straight lines (g r being the difference between the winding average temperature rise by resistance and the average oil temperature rise in the tank).
According to the loading guide [2] , the hot-spot temperature in a transformer winding is composed of three contributions: the ambient temperature, the top-oil temperature rise in the tank over the ambient temperature and the hot-spot temperature rise over the top-oil temperature. It is assumed that during a transient period (a change in the load current or in the ambient temperature) the top-oil temperature rise over ambient temperature and hot-spot temperature rise over the top-oil temperature varies instantaneously with transformer loading, thus without time constant. 
HEAT BALANCE WITH SOLAR IRRADIATION
The temperature is still influenced by the radiated heat from the sun even when a transformer is out of service. Equation (1) is extended to include the effect of solar irradiation. The effect of solar irradiation on the transformer temperature rise is modeled as an additional term, contributing to the top-of-tank oil temperature rise:
where P SUN is the solar power at time t. Like for the rated losses, it is assumed that the solar power P SUN , normalized on the load and the no-load losses P LL , P NL contribute as a linear temperature term. The temperature will increase in every point of the transformer with a constant difference, keeping the same slope. Thus, the effect on temperature is a shift of the dashed line in Figure 4 indicating the oil temperature rise.
The origin of the exponent x goes back at least as far as a 1916 paper, written by Montsinger [3] . The idea is that the rate of heat transfer from a hot liquid in a tank, to the outside air, is proportional to the temperature difference between the liquid and the air, provided that the air is forced to move at a constant speed. In case of natural convection, the cooling effect depends more than proportional on the temperature difference because the air flow increases with increasing temperature difference. Similar arguments can be made for the effect of forced or natural oil flow, next to a hot-spot where the exponent is given by [3] .
Solar irradiation arriving at the transformer surface is a variable parameter. It changes during the day and season and depends on the radiation angle α of the sun with respect to the surface area [1] :
where c is the emissivity factor, A tr is the transformer collecting surface of the solar irradiation and IR (≥ 0) is the solar irradiation at time t. Obviously, factors should be accounted for atmospheric conditions or building environment which may cast their shades during part of the day, lowering the solar irradiation reaching the transformer surface. It will be assumed that the transformer is placed in open space with effective area A tr receiving the sun heat. The area A tr is calculated as the transformer top surface (length [m] x width [m]) and it is assumed to be constant with the sun movements in the sky.
The emissivity factor c depends on the surface material and colour. It both affects the amount of radiation being absorbed or being emitted [4] . For a theoretical black body this factor is one. The factors c of solar irradiation for different surface conditions are given in Table 1 . However, the major factor accounting for heat disposal is convection, not radiation. The solar irradiation IR from equation (3) represents the global radiation in clear sky conditions, namely the sum of direct and diffuse radiation. The reflected radiation from the ground is neglected. The parameter IR was modeled using the Adnot model, which is an efficient method for estimating the global radiation in clear sky conditions (equation 4) [6] . 
  IR
where α (≥ 0) is the sun elevation angle. Here, during the night (when the sun is down), the elevation angle α is zero and consequently the irradiation IR is also zero.
The elevation angle α is the angular height of the sun in the sky measured from the horizon ( Figure 5 ). The elevation is 0° at sunrise and 90° when the sun is directly overhead (which occurs for example at the equator on the spring and fall equinoxes).
The solar power, P SUN is estimated using equation (3), the elevation angle being calculated during every hour throughout the year. The obtained pattern with all the values for the elevation angles was taken to be the same for all the operating years of the power transformer. This means that the movement of the sun in the sky was assumed to be the same throughout the lifetime of the transformer. The sun elevation angle α is calculated with equation (5) [7] , its parameters being determined according to Table 2 .
where δ is the declination angle of the sun in degrees (the angle between the equator and a line drawn from the earth to the sun), Lat is the latitude of a certain area in degrees, and HRA is the hour angle in degrees (which converts the local solar time LST into a number of degrees where with the sun moves across the sky). The parameter "day" from Table 2 is the number of days throughout the year (between 1 and 365). The local solar time LST can be found by using a correction factor to adjust the local time, which usually differs from LST because of human adjustments such as time zones and daylight savings. The correction factor is calculated according to [7] . Twelve-noon local solar time LST is defined as when the sun is highest in the sky.
ESTIMATING WINDING INSULATION DP-VALUE AND REMAINING LIFETIME
The cellulosic paper used in power transformer insulation systems is an organic polymer which contains glucose rings C 6 H 10 O 5 joined together by covalent bonds and oxygen atoms [8] . Cellulose degradation is an irreversible process which is characterized by the scission of macromolecular chains. The number of C 6 H 10 O 5 glucose rings that compose the cellulosic macromolecule is the degree of polymerisation DP. The degree of polymerisation provides information about the degradation state of cellulose and of its mechanical strength [9] . A practical value for the DP of un-aged paper is in the interval 1000-1200. The paper tensile strength is a measure for the sensitivity to paper rupture. The tensile strength is directly related to the degree of polymerization of the insulating paper. A DP-value in a range of 200-300 means that the paper insulation is at the end of its lifetime [9] [10] .
The DP-value of the paper insulation is calculated using the technique from [11] [12] [13] (paper degradation model) based on the winding hot-spot temperature and paper parameters. The hot-spot temperature is calculated according to equation (1) without solar irradiation influence and according to equation (2) with solar irradiation influence for a specific case with available data. Based on the DP-value, the fault probability of the paper is analyzed, which represents the probability that the estimated DP-value is lower than the threshold value corresponding to the paper (end of life criterion).
CONFIGURATION OF THE SOLAR IRRADIATION
MODEL The calculations are performed for a transformer in service in the Middle East region. The transformer is assumed functioning at 70% load. In Table 3 , all parameters related to the thermal properties of the transformer are listed. Table 4 presents the paper characteristics values, parameters A, and activation energy E a chosen according to [14] .
The data for estimating the solar heat flow P SUN , which strikes the transformer top surface, the latitude and longitude for the corresponding area chosen according to [15] , the transformer load losses P LL , no-load losses P NL and the factor c are shown in Table 5 . The top area A tr (Table 5 ) of the transformer was calculated as the product of length and width dimensions.
The equations parameters are described as normal distributions. This type of distribution is appropriate for parameters with relatively modest deviations. The result is the estimated hot-spot temperature with its uncertainty, the DPvalue with the corresponding uncertainty, and the fault probability as a function of lifetime. 
PAPER DEGRADATION MODEL
The paper degradation mechanism is modeled as proposed in [11] [12] [13] . The link between the temperature and the DP-value is given by the Arrhenius relation (through the reaction rate k) [14, 16] . Thus, the DP-value as a function of time is given by the following relation:
where DP(t) is the DP-value at time t, DP(t 0 ) is the DP-value at some initial time t 0 and k(t) is the time dependent reaction rate [13, 14, 16] . The time dependent reaction has the Arrhenius form:
where A is a process constant which depends on water content, oxygen or acidity, E a is the molar activation energy, R g is the universal gas constant and T is the temperature calculated with equations (1) and (2), which is related to both the load and ambient temperature.
Each parameter has an uncertainty margin, which is assumed to be normally distributed [11, 17] . A fault situation occurs when the DP-value drops below a threshold value. The estimated DP-value at a certain time and the threshold level value for possible failures are stochastic in nature and may be described by distribution functions. The parameters in the depolymerisation rate (equation 7) cont ain uncertainties, which propagate to an uncertainty of the projected DP-value with time. Also, the DP-threshold for possible failure is considered as a distribution with finite width [11] .
Therefore, the fault probability is defined as the probability that the DP-value is lower than the threshold value. This involves two probability distributions. The first is the probability distribution of the DP-value at time t. The probability of DP to have a value between x and x+dx at time t is denoted as p DP (x, t)dx and is calculated according to equation (8) . The second distribution is that of the threshold DP-value below which the insulation fails. The probability of the threshold to have a value between x and x+dx is denoted as p DP_th (x, t)dx. The probability that the threshold is above a certain DP-value x is given by equation (9) [11, 18] .
In all the calculations, normal probability density functions have been used. More precisely, truncated normal distributions (equations (8) and (9)) are used since it can handle a finite domain of DP-values (1 to 1300), whereas a standard normal distribution involves infinite boundaries. The density and cumulative distribution functions of a truncated normal distribution are defined as [11, 18] :
with X min (value 1) ≤ x ≤ X max (value 1300), in which p(x) and P(x) denote the density and cumulative functions for a normal distribution:
with -∞ < x < ∞, μ the mean for the estimated value (DP-value at a certain time t or DP-threshold value) and respectively σ the standard deviation.
Finally, the fault probability at time t is obtained:
The reliability is defined as R(t) = 1 -F(t).
It must be noted that the fault probability given in equation (12) is not the same as the failure probability. The transition from fault to failure requires a trigger, an event (such as a passing short circuit or a mechanical force).
If F(t) would result with a steep slope there is a well defined moment in time where the transformer is expected to fail. A gradual slope implies a relatively large uncertainty in the predicted time to failure. Figure 6 presents the transformer hot-spot temperature without and with solar irradiation on a summer and a winter day, calculated with equations (1) and (2) . According to the summer day, between 24:00 h in the night and 05:00 h in the morning and between approximately 20:00 hrs in the evening until 24:00 h in the night it is dark and there will be no increase in the hot-spot temperature by solar irradiation effect. Looking at the winter day, between 24:00 hrs in the night and 07:00 hrs in the morning and between approximately 17:00 hrs in the evening until 24:00 h in the night it is dark and there will be no increase in the hot-spot temperature by solar irradiation effect.
RESULTS AND DISCUSSIONS
For the investigated case study, the hot-spot temperature during the summer may increase with almost 9 K and during the winter with almost 6 K in an area with strong solar irradiation.
The calculated DP-values with equation (6) corresponding to the transformer paper insulation, with and without solar irradiation contribution are presented in Figure 7 . The transformer's paper insulation in presence of sun degrades more rapidly in time at the same operating conditions. Time (hours) Figure 6 . Hot-spot temperature calculated without solar irradiation and with solar irradiation contribution on a winter and summer day. For the ambient temperature, the same constant value was used both in the summer and in the winter.
After 15 years in operation, the DP-value (without the contribution of solar irradiation) is about 500 and with solar irradiation influence 400 (Figure 7) . Therefore, the sun may have a significant effect on paper insulation condition and consequently on its lifetime.
Based on the estimated DP-values, the fault probabilities F(t) are calculated using equation (12) and shown in Figure 8 . These probabilities are defined as the chance that the estimated DP-value at a certain moment in time is lower than the paper's threshold value.
In Figure 8 it can be seen that, if the contribution to the temperature increase due to solar irradiation is neglected, the fault probability F(t) is approximately 5% at the age of the transformer. If the solar heat effect is taken into account the transformer's fault probability F(t) is almost 10%.
The median of the fault probability (0.5) without solar irradiation is about 43 years and the median of the fault probability (0.5) with solar irradiation is about 31 years ( Figure 8 ). Knowing the age of the transformer, namely 15 years, the remaining lifetime will be 28 years (43-15) and consequently, 16 years (31-15). The reduction in the remaining lifetime is 12 years (hence 28-16) which represents approximately 40% (12/28). The solar power was calculated as a worst case because reduced irradiation by clouds or shade due to nearby buildings were not included.
To get the same fault probability as without solar irradiation for the corresponding load, the load for the transformer with sun irradiation should be reduced with about 4% (equation (2) and Table 3 ). As a load reduction in the high load summer season is not an attractive solution, additional cooling may be considered for existing transformers.
It should be noted that the results described in this section are obtained based on several assumptions. Factors that account for atmospheric conditions or building environment which may lower the solar irradiation reaching the transformer surface are neglected. It is assumed that the transformer is placed in open space with effective area A tr receiving the sun heat. The area A tr is assumed to be constant with the sun movement on the sky.
The effect of solar irradiation on the transformer temperature rise is modeled as an additional term in equation (2), (P SUN / (P LL + P NL )), contributing to the top-of-tank oil temperature rise. It is assumed that the solar power P SUN , normalized on the load and the no-load losses P LL , P NL contributes as a linear temperature term. This means that the temperature will increase in every point of the transformer with a constant difference, keeping the same slope (Figure 4, dashed line) .
The solar irradiation that strikes the transformer surface IR (equation (3)) is modeled with the Adnot model (equation (4)).
CONCLUSIONS
The model from the IEC 60076-7 standard for the temperature balance is extended by including a term, which accounts for the effect of solar irradiation on power transformers.
In regions with high solar irradiation and high ambient temperatures, the winding hot-spot temperature may increase with almost 9 K during summer, and almost 6 K during winter, because of the temperature contribution of the solar irradiation. It must be noted that this result depends on the amount of irradiation, proportional with the effective top side area and cooling capacity of the transformer. The heat balance of the transformer is simplified represented in equation (2), where the heat sources are normalized on the nominal transformer losses.
The effect of the increased hot-spot temperature on the paper's DP-value can be significant (a difference of 100 units compared with the paper's DP-value without solar irradiation effect). The transformer remaining lifetime may be reduced by up to 40%, in situation with a load of 70% and ambient temperature of 30 o C due to solar irradiation.
The results are obtained by making several assumptions: the transformer is located in open space, the transformer's top area that receives the amount of heat from the sun remains constant with sun movement, the effect of solar irradiation contributes to the top-of-tank oil temperature rise, the temperature will increase in every point of the transformer with the same difference and the solar irradiation is modeled with Adnot model. In a future paper, the results will be validated by involving more experimental data. 
